For generic squark masses, box diagrams with squarks and gluinos give unacceptably large contributions to neutral meson (K, B and D) mixing. The standard solution to this problem is to assume that squarks are degenerate to a very good approximation. We suggest an alternative mechanism to suppress squark contributions to flavor changing neutral currents: the alignment of quark with squark mass matrices. This mechanism arises naturally in the framework of Abelian horizontal symmetries.
Within the Standard Model, flavor changing neutral current (FCNC) interactions are highly suppressed by the weak coupling constant, by small mixing angles and by small fermion masses. This makes such processes a particularly sensitive probe of new physics at high energy scales. New contributions to FCNC may be comparable to or even dominate over the Standard Model contributions. Thus, measurements of FCNC processes such as neutral meson mixing [1] ,
and radiative B-decay [2] ,
put severe constraints on extensions of the Standard Model.
Supersymmetric extensions of the Standard Model predict large new contributions to FCNC processes. Squarks and gluinos contribute to (1) through box diagrams and to (2) through penguin diagrams. A possible suppression due to large squark and gluino masses is easily compensated for by three enhancement factors:
(i) Matrix elements of new four quark operators are enhanced due to different Lorentz structure;
(ii) The weak coupling of the Standard Model diagrams is replaced by the strong coupling;
(iii) The GIM mechanism does not operate for generic squark masses.
The resulting contributions are so large, even for squark masses as heavy as 1 T eV , that the processes (1) and (2) severely constrain the form of the squark mass matrices.
A convenient way to present these constraints is the following. We denote the quark mass matrices and squark mass-squared matrices by M q andM q2 , respectively (q = u, d). Supersymmetry correlates the bases of the quarks and the squarks but in general there is no preferred basis for these superfields. However, as we will see below, models with horizontal symmetry have such a preferred basis.
The M q matrices are diagonalized by bi-unitary transformations:
The 6 × 6 matricesM q2 can be divided into 3 × 3 sub-matrices: If all off-diagonal terms inM q2 are smaller than the diagonal ones, and V q L,R are close to the identity, then the quantities constrained by FCNC processes are
(here and below M and N run over L and R). The dimensionless δ q M N -matrices have the simple meaning of squark mass-squared matrices (normalized to the average squark mass-squaredm 2 ) in the basis where gluino couplings are diagonal and quark mass matrices are diagonal. The bounds are particularly strong on the
Using formulae from ref. [3] we present the constraints from eqs. (1) and (2) in Table 1 . Table 1 Upper bounds on squark mass parameters from FCNC These conditions have been known for a while (see e.g. [4] ), and were discussed by numerous authors, including [5] . In the context of hidden sector supergravity models they were addressed by [6] but in the generic such model, they are unmotivated. This is also the case in string theory [7] . Both degeneracy and proportionality can be natural if SUSY breaking is communicated to the light particles by gauge interactions [8] or in models with a nonabelian horizontal symmetry [9] .
In this work, we would like to suggest an alternative mechanism to suppress the squark contributions to FCNC: an approximate alignment of quark and squark mass matrices. We would first present the mechanism and then show that it arises naturally in the framework of Abelian horizontal symmetries.
The idea of quark-squark alignment is rather simple: assume that for some symmetry reason the matrices δ q of eq. (5) (the squark mass-square matrices in the basis related by supersymmetry to the basis in which the quark mass matrices are diagonal) are diagonal. Then, regardless of whether the squarks are degenerate or not, squark contributions to FCNC vanish. In reality, we do not expect such an exact condition to hold, but it could naturally be a good approximation that would suppress FCNC to acceptable values.
The implementation of the quark-squark alignment mechanism for the offdiagonal blocks δ q LR is rather simple. If a symmetry leads to small entries in the quark mass matrices, it will at the same time lead to small entries inM 
In the basis where mass matrices for both quarks and squarks are diagonal, gluino interactions depend on mixing matrices K q L,R :
The dependence of FCNC processes on squark masses and mixing is of the form
where α and β label the squarks in the loop and f (m 2 qMα ,m 2 q Nβ ) is a function of squark masses.
There are two ways to suppress the off-diagonal terms (i = j) in eq. (9): 1. The squarks in each sector are degenerate. Then, f is independent of α and β and the sum in eq. (9) simplifies,
where we used the unitarity of the K-matrices (equivalently, in this caseṼ q are arbitrary). This is the degeneracy condition discussed above.
2. The matrices K q M are close to the unit matrix,
Notice that for (11) to be fulfilled, the diagonalizing matrices for quarks, V q L,R , and the diagonalizing matrices for squarks,Ṽ q L,R , have to be approximately equal,
Thus, it should be possible to simultaneously diagonalize (at least approximately) the quark mass matrices and the squark mass-squared matrices while preserving diagonal gluino interactions (i.e. the diagonalizing matrices act on the quark superfields). This is the alignment mechanism.
If the squark masses are of the same order of magnitude,m, but not degenerate, the expression (9) is approximately
It is easy to see that the matrices δ q M M in eq. (5) are related to the matrices K through
This estimate does not depend on assumptions such as the smallness of off-diagonal mass terms and therefore also on the smallness of mixing angles.
The constraints that arise from K −K mixing are the most difficult to satisfy. Quark-squark alignment arises naturally in models based on Abelian horizontal symmetry. First, such models have a natural basis for the quarks in which the alignment is as described in the previous paragraph. Second, they can naturally explain the hierarchy in the entries and can thus provide the necessary small numbers. Examples of such models were first suggested in ref. [10] . They have been extensively investigated in the context of grand unified models in ref. [11] and have recently been studied in the context of low energy supersymmetry in ref. [12] . In this framework the hierarchy in the quark sector parameters arises from a spontaneously broken horizontal discrete symmetry. If the symmetry were exact, only the top quark (and maybe the bottom quark) would have a mass. However, the We now give explicit examples of models within this framework with precise enough alignment. The models are very similar to the ones presented in [12] . In all of these models, the horizontal symmetry is a discrete subgroup of
The 
with the horizontal symmetry breaking parameters
Here M is a scale higher than the scale of symmetry breaking, S i , which communicates the breaking to the light fermions. The small parameters ǫ 1 and ǫ 2 determine the hierarchy in the quark sector parameters. Defining another small parameter ǫ ∼ 0.2, so that ǫ 1 ∼ ǫ 2 ∼ 0.04 and ǫ 2 ∼ ǫ 3 ∼ 0.008, we require that our models give ǫ ∼ |V us |,
(An interesting option is to have m u = 0. This solves the strong CP problem but the phenomenological viability of this option is controversial. In this paper we choose to study only models that give m u ∼ m d .)
The horizontal charges of the second and third generation are uniquely fixed by eq. (18), but there are two possible (H 1 , H 2 ) assignments for each of Q 1 ,ū 1 and
It is on this point that our models differ from the one explicitly presented in ref. [12] . Requiring the alignment discussed above, the horizontal charges (H 1 , H 2 )
for Q 1 andd 1 are fixed and we find two examples:
The horizontal charges (19) lead to the following estimates for the various entries in the quark mass matrices:
The vanishing entries arise because in supersymmetric theories the Yukawa couplings are analytic in the scalars (we will return to this below). It is easy to check that the mass matrices (21) are consistent with (18). As in the model in [12] we explain eight small dimensionless numbers in terms of two small numbers, ǫ i , and thus obtain six order of magnitude mass-angle relations. However, without impos- 
(unlike the quarks mass matrices and the nondiagonal blocks, these do not have to be analytic in the S fields). For the nondiagonal blocks,
where the ∼ sign indicates that the different entries are of the same order of magnitude.
With the above mass matrices, it is possible to estimate the various (δ q M N ) ij . As argued above, the (δ q LR ) ij contributions are very small. To estimate (δ q M M ) ij we note that in our framework all squark masses are of orderm but not degenerate. Then eq. (14) holds. Taking into account that all diagonal elements in the diagonalizing matrices are of order one, we find
and similarly for the other (δ q M M ) ij .
Our results are summarized in Tables 2 and 3 . We give here the predictions of the two models discussed above -model A and model B -for the various (δ q M M ) ij relevant to FCNC. These predictions are compared to the phenomenological constraints of Table 1 . As the constraints on (δ q LR ) ij (and on (δ d M M ) 23 ) are fulfilled almost trivially in our framework, we do not present them in the Tables. Table 2 presents the predictions for the down sector, which are identical for both models.
The predictions for D −D mixing, presented in Table 3 , are different in the two models, but in both they are close to the experimental bounds. Table 2 SUSY contributions to down sector FCNC ∼ 4 · 10 −9 ∼ 10 −5 ∼ 10 −12 ∼ 10 −9 ∼ 5 · 10 −7 ∼ 10 −12 Table 3 SUSY contributions to up sector FCNC
We conclude that these two examples satisfy all the constraints from FCNC without any degeneracy among squarks. (Remember that both the experimental upper bound and the order of magnitude predictions in our models suffer from ambiguities in multiplicative factors of order one.)
As discussed above, the most difficult condition to satisfy is
which comes from K −K mixing. It is naturally guaranteed in our models be- M or by loops in the low energy theory in which case they are suppressed by at least αs π . As mentioned in the previous paragraph, the suppression by factors of ǫ's makes these very small.
(ii) The full Lagrangian has only a discrete horizontal symmetry, say Z n .
Then, for non negative m such that H(Q 1 ) + H(d 2 ) + mH(S i ) = −n, the term
We have to check then that ǫ m i is small enough to make this contribution harmless.
(iii) The group U(1) X must be broken because otherwise the model has an unacceptable axion at the weak scale. This introduces factors of η 2 = φu φ d M 2 into the mass matrices. For sufficiently large M, the effects of these factors on tree level FCNC, on the hierarchy and on the alignment are negligible ⋆ .
⋆ We thank M. Leurer for a useful discussion on this point.
(iv) In some specific high-energy models, some terms allowed by all symmetries are not generated by integrating out the massive fields at tree level. This can happen if there are too few massive particles to induce all transitions [12] . We have to check that all necessary terms can indeed be generated.
The high energy spectrum needed in our models consists of at least four massive fermions of charge +2/3 and five of charge -1/3. To avoid Landau poles below the Planck scale, we need either M > ∼ 10 7 T eV or a larger symmetry group at high energies [12] .
We have constructed explicit models belonging to the class of models defined by eq. (19) but where U(1) X is broken in the superpotential by terms of the form
and where only an anomaly-free discrete subgroup is maintained.
Explicitly, in Model A (B), the anomaly free symmetry is Z n × Z 5 with n ≥ 3 (Z 6 × Z n with n ≥ 3). In both models, the zeros in M d are lifted but the quarksquark alignment remains accurate enough to satisfy all constraints.
Additional constraints on squark parameters from FCNC arise from diagrams that involve winos † . When SU(2) breaking effects in the squark mass matrices are negligible -as is the case in our framework -the mixing angles for the couplings To summarize: models with Abelian horizontal symmetries, originally constructed to explain the hierarchy in the quark sector parameters, can naturally align the mass matrices of quarks with the mass-squared matrices for squarks, to a good approximation. As a result, the contributions from squark-gluino loop diagrams to neutral meson mixing and to radiative B decay are suppressed compared † We thank M. Dine for a useful discussion on these diagrams. to a generic low-energy supersymmetric framework, even though there is no degeneracy among squarks. We would like to stress, however, that our main point is the alignment. The models based on horizontal symmetry are only examples meant to demonstrate that the alignment can be natural.
This class of models where the bounds from K −K mixing are satisfied have the special feature that the Cabibbo mixing between the first and second generation arises dominantly from mixing in the up sector. (Remember that here, unlike the Standard Model, we have a natural interaction basis, the one where the horizontal charges are diagonal.) This leads to a testable signature of the quark-squark alignment mechanism, namely that D −D mixing should be close to the experimental upper bound. This is in contrast to the Standard Model, where [13] ∆mD mD ∼ 10 −15 , and maybe even considerably smaller than that if heavy quark symmetry considerations apply [14] . Of course, the most prominent prediction (although it will take some time to examine it experimentally) of our scheme is that, in contradiction with the conventional wisdom, the squarks are not degenerate.
